Abstract: Dichlorvos (DDVP) is an organophosphorous pesticide with a high degree of dangerous effect towards the environment. We have investigated the growth and susceptibility to DDVP of halophilic bacteria isolated from Romanian salt lakes. The growth of four strains was affected by DDVP, which may be correlated with the rate constant values of DDVP disappearance from the saline solutions. This is due not to a chemical degradation in solution but to the diffusion process and namely DDVP penetration into the cell cytoplasm by an "organic-osmolyte" mechanism. The permeability coefficient P was calculated.
Introduction
Dichlorvos (DDVP, 2,2-dichlorovynil dimethyl phosphate) (Figure 1 ), is an organophosphorous pesticide with high solubility in water (16 mg/ml at 25
• C) [1] , that has been used widely since its introduction in the United States in 1954. DDVP acts by inhibiting acetylcholine esterase, an enzyme that is very important in the nervous system of all vertebrates and some invertebrates. Since the mutagenicity of DDVP was suspected in Salmonella species [2] , some studies have been done on the degradation of this compound in the photochemical treatment [3, 4] and in the soil by some soil microorganisms [5] [6] [7] . It has been shown that DDVP is decomposed to dimethylphosphate and dichloroacetaldehyde and subsequently broken down into dichloroacetic acid, 2,2-dichloroethanol, and ethyl dichloroacetate [8] . DDVP is highly toxic by inhalation, dermal absorption and ingestion [9, 10] . Effects of DDVP on prokaryotic and eukaryotic microorganisms have been reviewed by health organizations [11] .
Fig. 1 2.2-dichlorovynil dimethyl phosphate (DDVP), dichlorvos.
The environmental problems caused by harmful chemical compounds, especially organophosphorus compounds, in environments with considerably high salt concentrations have been recognized for a long time [12, 13] . Knowledge about degradation of pollutants in these environments, however, is still extremely limited [14] [15] [16] . This may be due to the potential of halophilic microorganisms for biodegradation of toxic compounds not having been systematically investigated [14] . In general, the presence of salt (NaCl) in water causes a decrease of the water's chemical potential μ w according to the equation, Δμ w = ΔH w − T ΔS w where the decrease of the chemical potential substantially depends on the change in entropy of the water [17, 18] . This is due to the interference of salt with the ordered water structure which increases the randomness of the solvent molecules. In this case ΔS w will therefore be positive resulting in a decrease of the water chemical potential. Microorganisms exposed to a saline environment must cope with their cytoplasm water having a higher chemical potential than the water of the surrounding environment. Thus the cytoplasm will lose its water resulting in the reduction of the cell volume [19] . Under these conditions the diffusion rates of protein and metabolites are probably also reduced so that it results in an inhibition of the cell growth. In order to gain sufficient free water and to maintain an osmotic equilibrium across the membrane, the cell has to reduce the chemical potential of the cytoplasm.
Concentrated salt areas like salt lakes, salt mines or salterns, known as hypersaline environments, are dominated by prokaryotic microorganisms. Organisms living in hypersaline environments, known as halophiles [20] , have developed two different osmoregulatory strategies to cope with ionic strength and the osmotic stress: "the salt-in" and "organic osmolyte" mechanisms. The first mechanism adapts the interior protein chemistry of the cell (the intracellular enzymatic machinery) by raising the salt concentration in the cytoplasm according to the environment [21] . This is the case of extremely halophilic Archaea species. The second mechanism keeps the cytoplasm relatively free of salt. These microorganisms, moderately halophilic or halotolerant, accumulate uncharged highly water soluble organic compounds in order to maintain an osmotic equilibrium with the surrounding medium [14, 22] . These mechanisms allow halophiles to proliferate in saturated or diluted salt solutions and to survive entrapment in salt rock [23] .
The saline environments are associated with high diversity of microorganisms, in particular halophilic microorganisms. Previous investigation showed that the presence of a vinyl chloride or allyl chloride group in the molecule of organophosphorous pesticides such as DDVP is responsible for the ability to induce point mutations in some microorganisms [24] . The use of microorganisms for bioremediation requires an understanding of all physiological, microbiological, ecological, biochemical and molecular aspects involved in pollutant transformation [25, 26] . In the present paper we studied the depollution capacity of some moderately halophilic microorganisms isolated from several Romanian salt lakes. We correlated the cell growth of these microorganisms in the presence of DDVP with the disappearance of the pollutant from these saline waters.
Experimental procedures
Halophilic bacteria were isolated from salt lakes in Romania by dilution in the following medium (g/l): NaCl (125), (1), peptone (1) and soluble starch (2), pH adjusted to 7.0. When necessary the medium was solidified with agar (20 g/l). For preliminary strain characterization the growth range and optimum NaCl concentrations were determined following the method described previously [27] . Sensitivity to antimicrobial agents was determined in growth medium containing 0.025% sodium taurocholate or 50 μg/ml chloramphenicol. Tests were conducted in cultures grown on solidified medium and growth with or without antimicrobial agents was compared.
In order to test the tolerance of the isolated strains to DDVP, they were grown in a culture medium as described above and supplemented with a DDVP concentration of 1.2 − 1.5 × 10 −4 M that was added after autoclaving. DDVP was supplied by Riedel de Haen (Germany) and used without further purification. The cells were grown at 28
• C in a rotary shaker, and growth was monitored by measuring optical density at 660 nm with Unicam Helios spectrophotometer. The halophilic bacterial strains selected for investigation were grown in 25 ml of the growth medium with DDVP. At different time intervals (0, 2, 4, 5 and 6 hours), the cells were removed by centrifugation for 10 minutes at 6000 rpm and the supernatant was filtered through a bacteriological filter G4 (pore size 0.40 -0.45 μm) before spectrophotometrical analysis.
The concentration of DDVP was estimated by using the absorbance [28] [29] [30] at λ = 220 nm with autoclaved culture medium as reference. Molecular absorbance coefficient was 1657 M −1 cm −1 at λ = 220 nm.
Results and discussion
Most of the isolated strains showed poor growth in a liquid medium containing DDVP, and six strains (Table 1) were used in this study. Strains TL4 and BB4b were isolated from Telega lake (chloride concentration 161 g/l) and Shephered Bath (chloride concentration of 97 g/l) (both in Prahova county), respectively, and T1/1S, T3/7, T10/1, T10/2 were from Techirghiol lake (chloride concentration of 60 g/l) nearby the Black Sea coast ( Table 1 ). The six strains were tentatively identified as bacteria of the genus Halomonas on the basis of some preliminary biochemical investigations ( Table 2) . Using the absorbances at λ = 660 nm at various incubation times, a first order formal kinetic was observed, indicating an exponential cell growth. The calculated values of the growth rate constants for the isolates are summarized in Table 3 . The rate constants of DDVP disappearance, calculated from the absorbance at λ = 220 nm, are also shown in Table 3 . It was observed that the rate constants of DDVP disappearance of two strains, T10/2 and TL4, with the highest growth rate constants, were zero, suggesting that DDVP did not disappear from solution. Therefore they cannot be used as depollutant agents. This may be explained by the "salt -in" strategy when the salt moves across the membrane to equilibrate the inside osmotic pressure to the outside one of the environment, similar to an extremely halophilic bacterium Salinibacter ruber [31] . Fig. 2 The growth of investigated strains in the presence of dichlorvos. Table 3 The first order growth rate constants and the rate constants of DDVP disappearance from solution. Table 3 shows that DDVP disappeared from cultures of the other four strains with lower growth rate constants. In these cases, the DDVP disappearance may be correlated with the change of the osmoregulatory mechanism and possibly by an organic osmolyte when uncharged organic and water soluble compounds enter into the cell [21] . TL4 strain from Telega Lake with the lowest growth rate showed the highest rate of DDVP disappearance. The four strains showed a first order kinetic of DDVP disappearance (Figure 3) . We consider that such a result may be explained by the toxicity of the DDVP in the cytoplasm which affects the cell growth diminishing their rate constants.
Several laws govern the flux of the organic molecules towards the cell membrane. Peppas group [32] [33] [34] [35] studied the drug delivery from a polymeric film or matrix into solution and found it obeyed to the following equation:
where M t , and M ∝ are the drug mass delivered in solution at each t time and at the end of the process, respectively. The exponent n is the process order and k its characteristic rate constant [36] .
Fig. 3
The first order kinetic of DDVP disappearance from solution in the presence of T10/1 strain.
We consider that in our case the penetration of DDVP from solution into the cytoplasm across the cell membrane is similar to the process studied by Peppas but the molecular flux is inversely orientated. Therefore we tested the Peppas equation by plotting ln(M t /M 0 ) instead of ln(M t /M ∝ ) but replacing this ratio by ln A t /A 0 (A being the measured absorbance proportional to the concentration) versus ln t. In Figure 4 we show our results for two different strains. Figure 4a refers to strain T10/1 in the presence of DDVP (1.2 × 10 −4 M). Linearity is observed for the first six incubation hours then the plot tends to a plateau. A similar behaviour is observed for strain TL4. The process order n of the linear part was 0.55 (tangent of the slope). Peppas [33] showed that a value of 0.5 revealed the presence of a diffusion process governed by the Fick's first law due to the concentration gradient of the organic molecules. From the intersection with the ordinate results the value of the rate constant k of the diffusion process is equal to 1.2×10 −2 s −0.5 for the strain TL4. 
where c sol and c in are the pollutant concentration at the membrane surface and the penetrated compound, respectively, P is the permeability coefficient of the pollutant through the dermic tissue and dQ/dt is the penetration rate per units area of cell. In our case c sol is spectrophotometrically determined and c in is easy to calculate since the initial concentration c 0 is known: c in = c 0 − c sol . According this equation we plotted ln(c sol − c in ) vs. t, and obtained a straight line as shown in Figure 5 for T10/1 strain. From the slope we calculated the permeability coefficient P of the pollutant through the membrane as 3.6 × 10 −5 cm 2 s −1 . The permeability coefficient P is correlated with the diffusion coefficient D by the equation P = K × D [37, 38] in which K = c in /c sol is the partition coefficient of DDVP. A similar behavior was observed with the other strains studied in this paper.
Fig. 5
The kinetic of the pollutant penetration across the cell envelope.
In this investigation we have shown that halophilic bacteria are able to grow in the presence of DDVP and possibly metabolize the pollutant by mechanisms previously described by Lieberman & Alexander [8] . To our knowledge, this is the first study on the possible use of halophilic bacteria as decontamination agents of DDVP from the polluted saline water.
Conclusion
Our study showed that the presence of DDVP affects the cell growth of strains T10/1, T10/2, T1/1S from Techirghiol Lake and of strain TL4 from Telega which adopted the "organic osmolyte" mechanism. The disappearance rate of DDVP from saline solutions is higher for the strains with the lower growth rate constants, suggesting its penetration into the cell cytoplasm where its toxicity affects the cell growth, or binding to the cell surfaces. This process was governed by Fick's first law and the diffusion of DDVP molecules through the cell membranes. The results show that these halophilic bacteria may be used as agents for the decontamination of saline waters contaminated with dichlorvos (DDVP) or related compounds.
